Introduction
Fibroblasts (FBs) contribute to normal cardiac properties and play a critical role in cardiac remodelling during pathological conditions like congestive heart failure (CHF). 1, 2 Under pathological stimuli, atrial FBs show greater profibrotic responses than ventricular in terms of extracellular matrix (ECM) production, FB-proliferation, and myofibroblast-differentiation. 3 HF produces atrial-selective interstitial fibrosis, which contributes to the substrate for atrial fibrillation (AF). 4, 5 The beta-adrenergic receptor (b-AR) signalling pathway is an important regulator of cardiac function. 6 In cardiac FBs, the b2-AR predominates, 7 and contributes to the regulation of collagen production. 8 Signalling through norepinephrine, 9 ,10 angiotensin-II 11 and transforming growth factor (TGF)-b1 12 influence FB function in CHF. Exchange protein directly activated by cAMP (Epac) is a PKAindependent signalling molecule activated by adrenergic stimulation. 13, 14 Two isoforms have been identified, Epac1 and Epac2. Epac1 is expressed ubiquitously, particularly in cardiac cells, 13 including fibroblasts. 15 Previous studies have shown that Epac mediates cardiac b-adrenergic actions 16, 17 and decreases collagen mRNA expression in rat cardiac fibroblasts. 15 Epac1-expression decreases after myocardial infarction (MI), with reduced Epac1-suppression of fibroblast collagen production potentially contributing to ventricular fibrosis. 15 It is unknown whether Epac1 expression is altered under atrial profibrotic conditions and the adrenergic regulation of Epac1 in atrial fibroblasts has not been studied.
Here, we aimed to clarify: (i) the changes in Epac1-expression in freshly isolated atrial and ventricular FBs from CHF-dogs; (ii) the effects of Epac1-stimulation and inhibition on FB collagen synthesis; (iii) the adrenergic regulation of Epac1-mediated control of left-atrial (LA) FB collagen production; and (iv) the effects of Epac1-stimulation on LA fibrosis post-MI in mice.
Methods

CHF model
Animal-handling procedures were approved by the Animals Research Ethics Committee of the Montreal Heart Institute and followed National Institute of Health Guidelines. CHF was induced in 47 adult male mongrel dogs (22-36 kg) by ventricular tachypacing (VTP) at 240 b.p.m. as previously described 18 for 12 h (n = 8), 24 h (n = 9), 1 week (n = 9) and 2 weeks (n = 9), and the results compared to results in control dogs (n = 12). Dogs were anaesthetized with diazepam (0.25 mg/kg IV)/ketamine (5.0 mg/kg IV)/halothane (1% to 2% IP) for pacemaking lead implantation. After 24 h for postoperative recovery, ventricles were paced at 240 b.p.m. For the terminal study, dogs were anaesthetized with morphine (2 mg/kg, SC) and a-chloralose (120 mg/kg IV). The heart was excised by left thoracotomy and placed in Tyrode solution containing 2 mM Ca 2þ for cell isolation.
Fibroblast isolation
The left circumflex coronary artery was cannulated and perfused with Tyrode's solution containing 2 mmol/L Ca 2þ for 15 min, followed by Ca 2þ -free Tyrode's solution for 10 min and Ca 2þ -free Tyrode's solution containing collagenase type-II (150 U/mL) and 0.1% albumin for 1 h. The perfusate was kept at 37 C and equilibrated with 100% O 2 . LA and left ventricular 19 tissues were harvested by gentle trituration and centrifuged at 800 rpm (5 min) to separate cardiomyocytes from fibroblasts. The supernatant was collected and centrifuged at 2000 rpm for 10 min to pellet fibroblasts. 3 Freshly isolated
FBs were snap-frozen and stored at -80 C for subsequent biochemical studies [real-time polymerase chain reaction (RT-PCR) and immunoblot].
Cell-culture and drug treatment
LA-FBs were collected in Dulbecco's Modified Eagle Medium (DMEM, Invitrogen) supplemented with 10% foetal bovine serum and 1% penicillin/ streptomycin. Cells were plated and cultured for 5-7 days to reach confluence and maintained in 5% CO 2 /95%-humidified air at 37 C. FBs were trypsinized and plated at 100 000 cells/well in 12-well plates. After 24 h for cell-adherence, FBs were maintained in serum-free medium for 24 h before treatment. Cultured FBs were incubated with various drugs (Table 1) for 48 h. In some experiments, FBs were pre-treated with a Smad3 inhibitor (SIS3, 3 lmol/L) for 1 h before adding TGFb1 (10 ng/mL) for a 48-h period. 20 Culture medium was collected to study protein secretion, and treated cells were collected for RNA extraction.
Mouse MI-model
Sixty male C57BL/6 mice (8-10 weeks, 20-25 g, Charles River, SaintConstant, Quebec) were divided into five groups: (i) sham (n = 10); (ii) MIþcorn oil (n = 10); (iii) MIþESI-09 (n = 14); (iv) MIþ 0.9% saline (n = 9); and (v) MIþSp-8-pCPT (n = 17). All procedures were performed in accordance with the National Institute of Health Guidelines and were approved by the Animals Research Ethics Committee of the Montreal Heart Institute. Animals were intubated and anaesthetized with 1-2% isoflurane mixed with 1 L of oxygen per minute. MI was induced by left anterior descending coronary artery (LAD) ligation with a 10-0 prolene suture. ESI-09 dissolved in ethanol (5 mg/mL) was diluted in corn oil (1:1) and ethanol removed. ESI-09 was administered daily (IP injection) for 5 days, 20 mg/kg/day, beginning 24 h post-MI. 21 The sp-8-pCPT-2'-O-Me-cAMPS Na þ -salt (Sp-8-pCPT, Axxora) dissolved in 0.9% saline was delivered as a continuous infusion via osmotic minipump ( 
RT-PCR
Total RNA was extracted with Nucleospin V R RNA-kits (Macherey-Nagel). Lysis buffer was added directly to FB pellets or cultured cells. The RNA pellet was resuspended in RNA-free water and concentration determined by nanodrop. One microgram of RNA was used for cDNA-synthesis (high-capacity cDNA Archive kit, Applied Biosystems). RT-PCR was performed with TaqMan probes and primers (Applied Biosystems Foster City, CA): COL1A1 (Assay ID: cf02623126_m1), COL3A1 (Assay ID: cf02631369_m1), HPRT1 (Assay ID: Cf02626258_m1), B2M (Assay ID: cf02659077_m1) or custommade SYBR Green primers: RAPGEF3 (Epac1, Forward primer: 5 0 G ATGTGGAAGCAAGACCAT; Reverse primer: 5 0 ATCACCGTATACCG GTTCCT), B-actin (Forward primer: 5 0 CAAAAGCCACCCCGTTTCT; Reverse primer: 5 0 TTCTCTTTCCCTCCCCTGTGT). Gene-expression levels were normalized to the geometric average of reference-genes.
Collagen protein quantification
Culture media were collected for collagen secretion assay by immunoblot. Forty microliters of culture medium mixed with 10 lL of 5Â loading buffer were heated at 95 C for 5 min. Proteins were separated by electrophoresis on 4-20% precast gels (Mini-PROTEAN V R TGX TM , Bio-Rad Laboratories, Inc.) at 120 V (80 min). Gels were transferred to nitrocellulose membranes at 70 V for 75 min in a transfer buffer with 0.1% SDS. Membranes were blocked with 3% BSA in Tris-buffered saline pH-7.4 containing 0.1% Tween-20 (TBST) overnight, followed by 1-h incubation with primary rabbit anti-mouse collagen type-I antibody (1:25 000, MD Bioproducts) at room temperature. After membranes were washed with high-salt solution followed by TBST, they were incubated with an anti-rabbit secondary conjugated to horseradish peroxidase for 1 h (1:10 000, Jackson) at room temperature. 
Protein-extraction and immunoblot
1 lg/mL pepstatin were added in the buffer. Protein-pellets were homogenized with insulin syringes. Homogenized proteins were incubated on ice for 30 min and triturated every 10 min. After centrifugation at 3, 000 rpm at 4 C (10 min), supernatant protein-concentration was quantified (Bradford assay). Protein-samples were loaded at 30 lg/lane, electrophoretically separated on 4-20% precast gels (Mini-PROTEAN V R TGX TM , Bio-rad) and transferred to polyvinylidenedifluoride (PVDF) membranes (90 V; 75 min). Membranes were blocked with 5% non-fat dry milk in phosphate-buffered saline (pH 7.4) containing 0.1% Tween-20 (PBST) for 1 h, followed by incubation with primary antibodies [rabbit anti-RAPGEF3 (401-415, Anti-EPAC1, 1:1000, Sigma-Aldrich) and mouse anti-GAPDH (1:10 000)] in 1% non-fat dry milk in PBST at 4 C overnight. Membranes were washed and incubated with horseradish peroxidase-conjugated goat anti-rabbit or donkey anti-mouse (1:5000, Jackson Immunolabs) secondary antibodies at room temperature for 1 h. Signals were detected with Enhanced Chemiluminescence (ECL, GE Healthcare) and quantified with Bio-Rad Quantity One software. Results are expressed relative to GAPDH-bands on the same samples.
Confocal imaging
Freshly isolated LA-FBs from CTL and 2-week VTP dogs were plated in a FluoroDish Cell Culture Dish (FD35-100, World Precision Instruments) and cultured overnight in DMEM supplemented with 10%-fetal bovine serum and 1% penicillin/streptomycin. Atrial tissues from CTL and 2-week VTP dogs were preserved in 10%-buffered formalin and embedded in paraffin. Primarycultured FBs were treated for 48 h in a FluoroDish. Plated FBs were rinsed with PBS (pH 7.4) and fixed for 10 min with precooled 1:1 acetone/methanol at -20 C. After rinsing 3 times with PBS, cells were blocked for 1 h with 5%-BSA in PBS at room temperature, followed by incubation overnight at 4 C with primary rabbit anti-RAPGEF3 (401-415, Anti-Epac1, 1:500, SigmaAldrich) and goat anti-vimentin (1:500, Santa Cruz) antibodies. After three washes with PBS, cells were incubated with secondary antibodies, donkey anti-goat IgG-Alexa Fluor 555, donkey anti-rabbit IgG-Alexa Fluor 488 (1:500, Invitrogen), and TO-PRO-3 iodide (1:1000, Invitrogen). Fluorescent images were obtained with an Olympus Fluoview FV1000 inverted confocal microscope. Signals were analysed with Image-J.
Data analysis
All data are expressed as mean ± SEM. Statistics were analysed with GraphPad Prism 7. Group-comparisons were performed with unpaired Student's t-tests when only two groups were compared, one-way ANOVA followed by Dunnett's multiple-comparison test for comparison to a single control or one-way ANOVA followed by Bonferroni correction for multiple-comparison analyses. Comparisons involving two independent variables were performed with two-way ANOVA followed by the Tukey's test. P < 0.05 was considered statistically significant.
Results
Epac1 is strongly expressed in atrial fibroblasts and decreased in CHF Epac1 mRNA-expression decreased rapidly with VTP in LA-FBs (3.9-fold within 12 h of VTP-onset) and remained decreased throughout VTP ( Figure 1A ), but did not change significantly in LV FBs ( Figure 1B ). Epac1-protein is much more strongly expressed in LA-FBs compared to LV (by 5.9-fold, P < 0.0001, Figure 1C ) and significantly decreased in CHF LA (-2.0-fold, P < 0.001) but not LV FBs. Epac1 immunofluorescent staining was performed on LA-FBs freshly isolated from CTL and 2-week VTP dogs were cultured overnight to allow cell-adhesion to the surface. CHF cells were larger but showed less intense Epac1 staining (Supplementary material online, Figure S1A ). CHF significantly increased LA-FB cell-area (by an average of 178%, Supplementary material online, Figure S1B ), and decreased Epac1 expression by 61% vs. control (Supplementary material online, Figure S1C ). Epac1 expression was confirmed via atrial tissue immunochemistry; Epac1 was strongly expressed in CTL and its expression decreased in CHF (Supplementary material online, Figure S2A ).
Epac1 regulates collagen expression in canine fibroblasts
To study the effect of Epac1 on collagen expression in LA-FBs, a selective Epac1 activator, 8-pCPT (50 lmol/L) or Epac-blocker, ESI-09 (1 lmol/L) was applied to primary-cultured LA-FBs for 48 h. The Epac-activator 8-pCPT decreased collagen1A1 (COL1A1) mRNA significantly, whereas the Epac-inhibitor ESI-09 increased COL1A1 mRNA levels, by 32% and 40% respectively vs. vehicle-treated FBs ( Figure 2A) . Collagen-I protein expression was significantly decreased, by 58%, after 8-pCPT exposure and increased, by 97%, with ESI-09 (Figures 2B).
Profibrotic stimuli decrease Epac1 expression in fibroblasts
TGFb1 is a an important profibrotic mediator in CHF. 4, 22, 23 TGFb1 (10 ng/mL) significantly reduced Epac1 expression in LA-FBs by 2.8-fold ( Figure 2C ). This effect was prevented by the Smad3 inhibitor SIS3, indicating Smad3 involvement in downstream signalling of the TGFb1-effect on Epac1-expression. Norepinephrine (NE) increases collagen gene-expression upon in vivo intravenous injection in rats. 24 We therefore assessed the effect of NE on Epac1-expression. NE suppressed Epac1 mRNA-expression (28% reduction, P < 0.05, Figure 2D ) (1 lmol/ L), while increasing collagen-I protein expression (4.5-fold, Figure 2E ). NE-exposure did not change the COL1A1-mRNA level ( Figure 2F ), indicating post-transcriptional regulation. Concomitant treatment of LA-FBs with NE and prazosin (PZ), an a-adrenergic receptor-blocker, prevented the NE-induced decrease in Epac1-expression ( Figure 2D ), but did not change the level of COL1A1 mRNA ( Figure 2F) . The a-AR-agonist phenylephrine (PE) also reduced Epac1-expression in LA-FBs ( Figure 2G ), confirming the a-adrenergically mediated effect.
Isoproterenol regulates collagen expression via b 2 -adrenergic receptors in fibroblasts
To evaluate the b-AR regulation of Epac1 and associated effects on collagen expression, we studied responses to isoproterenol and other b-AR activators or blockers in primary-cultured LA-FBs. Isoproterenol significantly increased Epac1 mRNA-expression ( Figure 3A) , an effect antagonized by the b2-AR antagonist ICI-118551 (2 mmol/L). Concomitant treatment of LA-FBs with isoproterenol and the b1-AR antagonist CGP-20712A (2-mmol/L) did not alter the isoproterenol-induced increase in Epac1-expression. Collagen expression significantly decreased after b-AR-activation with isoproterenol ( Figure 3B ), an effect blocked by ICI-118551 but not CGP-20712A. To evaluate the role of Epac1 in isoproterenol-regulation of collagen expression, we studied the effect of the Epac1-blocker ESI-09. We found that even though isoproterenol significantly reduced COL1A1 mRNA in Figure 3B , concomitant treatment with isoproterenol and ESI-09 had no effect on COL1A1 mRNA ( Figure  3C ). The isoproterenol effect to decrease collagen protein expression was antagonized by ESI-09 ( Figure 3D ), indicating that this action is mediated via Epac. b2-AR-activation by salbutamol and cAMP-signalling enhancement with 8Br-cAMP mimicked the effects of isoproterenol to increase Epac1-expression ( Figure 3E ) and decrease collagen-secretion ( Figure 3F) . Furthermore, salbutamol and 8Br-cAMP substantially decreased collagen mRNA-expression ( Figure 3G) . The effects of salbutamol were blocked Figure S3A ,B). The increase in Epac1-expression upon activation of b2-ARs with the agonists isoproterenol and salbutamol, and in response to enhanced cAMP-signalling with 8Br-cAMP, was confirmed via immunohistochemistry and confocal imaging ( Figure 4) . These results indicate that isoproterenol's effect to reduce collagen expression is mediated through b 2 -AR-mediated enhancement of Epac expression and signalling in LA-FBs.
Epac1-stimulation decreases LA fibrosis and improves cardiac remodelling in MI mice
The heart-weight to body-weight (HW/BW) ratio averaged 5.2 ± 0.2 mg/kg in sham-mice and was significantly increased in the MI group (to 6.8 ± 0.5 mg/kg, P < 0.01). To study the effect of Epac1 regulation in vivo in MI-mice, an Epac1 inhibitor (ESI-09) or activator (Sp-8-pCPT) was administered with parallel corn oil-vehicle or saline-vehicle administration, respectively. Survival was quantitatively lower in the ESI-09 group (Supplementary material online, Figure S4A ) and higher in the Sp-8-pCPT group (Supplementary material online, Figure S4B ) compared to their respective vehicle-controls; however, none of the differences were statistically significant. There were no significant differences between the two vehicle groups (Supplementary material online, Figures  S4C,D and S5) , and the vehicle groups were combined into a single comparator control group for the drug-treatment responses. The administration of Sp-8-pCPT post-MI prevented the MI-induced increase in the HW/BW ratio (mean value in the Sp-8-pCPT group 5.2 ± 0.1 mg/kg, P < 0.001 vs. MI þ vehicle); whereas ESI-09 left HW/BW unaltered compared to MI þ vehicle (mean value 7.1 ± 0.4 mg/kg, P = NS vs. MI þ vehicle). Atrial Epac1 protein-bands were less intense in MI-vehicle rats; this difference was reversed by Sp-8-pCPT ( Figure 5A ) but not ESI-09 (Supplementary material online, Figure S6) . Overall, MI-alone significantly decreased Epac1 expression, by 34% ( Figure 5B) . The activation of Epac1 with Sp-8-pCPT reversed the MI-induced down-regulation of Epac1.
Examples of Masson trichrome-stained LA and ventricle samples are shown in Figure 6A . LA fibrosis was increased five-fold in MI þ vehicle mice (P < 0.01) vs. shams ( Figure 6B ). This effect was attenuated in the Sp-8-pCPT-group, but not significantly affected by ESI-09 (Supplementary material online, Figure S7A ,B). An average of about 18% of the ventricle was infarcted in MI-vehicle mice ( Figure 6C) ; infarct-area was significantly reduced by Sp-8-pCPT. ESI-09 did not significantly alter infarct-size (Supplementary material online, Figure S7A,C) .
Sp-8-pCPT improved post-MI induced remodelling and dysfunction, decreasing LV mass to body weight ratio ( Figure 7A ), reducing LV dilation ( Figures S7B,C) , improving LV systolic function ( Figure 7D-F) , and virtually normalizing LA properties ( Figure 7G-I) . MI-mice treated with ESI-09 did not have different echocardiographic outcomes vs. MI þ vehicle (Supplementary material online, Figure S8 ).
Discussion
Here, we have investigated for the first time the changes in Epac1-expression in freshly isolated atrial fibroblasts during the evolution of 
an atrial fibrotic substrate for AF in dogs. We evaluated the regulation of Epac1-expression in atrial fibroblasts and its role in the adrenergic control of collagen secretion, and assessed the results of Epac1 activation and inhibition in an in vivo model of LVdysfunction associated with atrial fibrosis. A summary of our findings regarding Epac regulation in LA-FBs is shown in Supplementary material online, Figure S9 . Epac1 is under complex control by the adrenergic nervous system, with b2-AR-activation enhancing Epac1-expression and reducing LA-FB collagen secretion via cAMP-signalling and a-AR-activation suppressing Epac1-expression and collagen secretion respectively. Similarly, TGFb suppresses Epac1-expression through Smad3-signalling, enhancing LA-FB collagen-secretion. LA-FB (but not LV-FB) Epac1-expression is rapidly downregulated, and remains decreased throughout the development of CHF, in a well-established dog model exhibiting marked LA-selective fibrosis. 5 These results point to an antifibrotic function of Epac1, with its downregulation playing a potential role in the development of profibrillatory atrial fibrosis in our dog model. In an in vivo mouse model, restoration of Epac1-expression with an Epac1-activator attenuated LA fibrosis, while revealing for the first time an infarct-size limiting and cardiac functionpreserving effect of Epac1-activation post-MI. 
Control of cardiac fibroblast-function by Epac1-regulation
Consistent with our findings, prior work shows that b2-ARs are the predominant b-AR subtype in cardiac FBs [25] [26] [27] and that b2-ARs are involved in controlling proliferation, 26 autophagy, 28 and cytokine/growth-factor secretion of cardiac FBs. 29 Increased intracellular cAMP-levels prevent FB-to-myofibroblast transformation and produce antifibrotic effects, including inhibition of ECM-synthesis, attenuation of FB-proliferation, and fibrosis. [30] [31] [32] The action of cAMP was classically attributed to protein-kinase A (PKA) 33 ; however, there is increasing awareness of the role of Epac as a downstream mediator of cAMP-effects. [34] [35] [36] Studies with rat ventricular FBs reveal that both PKA and Epac inhibit collagen and DNA synthesis, but have opposing actions on fibroblast migration. 15, 37, 38 Our work is the first of which we are aware to analyse the regulation of Epac1 in atrial FBs. Our results regarding b-adrenergic activation are compatible with prior results in ventricular FBs. Recent work suggests that a-AR stimulation activates cardiac FBs through a Ca 2þ /calcineurin pathway. 39 Our studies point to Epac1-suppression as a potential mediator of a-adrenergic fibroblast activation. Since enhanced sympathetic tone is a cardinal feature of CHF, our results are relevant to the control of atrial fibrotic remodelling in CHF.
Epac1 regulation in cardiac remodelling and AF
Fibrotic remodelling plays a key role in AF-pathophysiology. 35 Understanding the molecular control mechanisms that govern FBfunction and atrial fibrosis is important for the development of new therapeutic tools and approaches. This study is the first to provide evidence for Epac1 as a significant determinant of atrial FB function and as a factor in atrial fibrosis. We found that Epac1-signalling inhibits LA-FB collagensecretion, and that inhibiting Epac-1 signalling promotes collagen (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, two-way ANOVA followed by Tukey's test, n = 7-11 mice/group.) Each dot represents an individual animal. LVDd, left ventricular dimension at end-diastole; LVDs, left ventricular dimension at end-systole; FS, fractional shortening; EF, ejection fraction; WMSI, wall motion score index; LADs, left atrial dimension at the end of ventricular systole; LADd left atrium dimension at the end of ventricular diastole.
Epac signalling in atrial fibrosis
production. A strength of our study was the extensive use of freshly isolated FBs, since cell-culture can alter FB properties and obscure changes caused by remodelling. 36 Atrial FB Epac1-expression was downregulated in two animal models featuring atrial fibrosis. Enhancement of Epac signalling via sustained release of an Epac-selective agonist suppressed atrial fibrogenesis in a mouse model of LV dysfunction. Epac1-stimulation produced strong cardioprotective effects against adverse LV remodelling post-MI. MI-area was reduced ( Figure 6 ) and many deleterious functional changes were attenuated (Figure 7) . To our knowledge, this is the first such observation. Prior studies have pointed towards cardioprotective potential of Epac. A phosphodiesterase-4 inhibitor protected against nitrous oxide-mediated apoptosis in H9c2 cells and neonatal rat cardiomyocytes, in part by enhancing cAMP-mediated Epac/Aktdependent signalling. 38 Mice overexpressing a PKA inhibitory peptide were protected against isoproterenol-induced fibrosis, apoptosis, and cardiac dysfunction, suggesting cardioprotective effects of the other (Epac) pathway. 40 In cultured adult feline cardiomyocytes, PKA-inhibition unmasked a protective effect of b-AR-activation against cell-death caused by elevated extracellular Ca 2þ -concentration mediated via Epacdependent signalling. 40 In a study by Okumura et al., 41 global Epac1 knockout mice showed a smaller magnitude of fibrosis compared to wildtype mice following aortic banding. Additionally, there was a smaller increase in the number of apoptotic cells in the Epac1 knockout group with pressure overload. Cardiac fibrosis and apoptosis were similarly reduced following chronic isoproterenol infusion in Epac1 knockout mice vs. wildtype mice. Laurent et al. 42 similarly showed reduced fibrosis in Epac1 knockout mice with chronic isoproterenol infusion. Autophagy was reduced in isoproterenol-treated Epac1 knockout mice, leading to less cardiomyocyte loss. In both studies the reduction in fibrosis was likely due to decreased replacement fibrosis following cardiomyocyte cell death. These results contrast with our finding of significant cardioprotective effects of Epac1-activation following myocardial infarction. Further studies with specific knockdown of Epac1 in fibroblasts vs. cardiomyocytes are required to elucidate the cell-type specific role of Epac1 in the heart. Our findings point to the complexity of Epac-mediated effects in cardiac pathology. In earlier work, we noted that increased Epac1-expression in guinea pig ventricular cardiomyocytes decreases slow delayed-rectifier K þ current, creating a potentially arrhythmogenic substrate. 43 Similarly, although PKA-activation has direct effects to reduce isolated FB collagen-secretion, 15, 33 its dominant in vivo action is to promote replacement fibrosis by causing cardiomyocyte death and LV-dysfunction. 39 Our demonstration of strong cardioprotective effects of Epac-activation post-MI emphasizes the importance of further work to better understand the mechanisms of Epac-mediated cardioprotection and their potential translational value. Previous studies have principally examined the effects of Epac1 signalling on cardiomyocytes. Accumulating evidence shows that Epac is involved in Ca 2þ handling, as well as K þ channel and Na þ channel function. 44, 45 Epac activation induces SR Ca 2þ leak via Ca 2þ /calmodulin kinase-II (CaMKII) and increases susceptibility to DADs. 44 Epac 1 stimulation decreases I Ks and prolongs action potential duration, increasing susceptibility to early after depolarizations. 43 Additionally, enhancement of late Na þ -current via CAMKII also plays a role in the development of arrhythmias. 46 More recent studies have shown that mitochondrial Epac1 is protective against ischaemia-induced myocardial death, decreasing infarct size, and cardiomyocyte apoptosis. 47 Further studies with celltype specific knockout or conditional knockout mice are required to elucidate the role of Epac in cardiomyocytes vs. fibroblasts. Our study suggests that restoration of Epac1 expression post-MI has an anti-fibrotic and anti-remodelling effect.
Potential limitations
We performed in vivo studies in a mouse MI-model to assess the effect of Epac1 activation and inhibition on atrial remodelling. Because of the small size of the animals and the miniscule amount of atrial tissue available, we used all of the LA-tissue samples for the analysis of atrial fibrosis, and the right-atrial for Epac1 immunoblots; we did not have remaining tissue with which to analyse associated changes in signalling. While Epac-activation with 8pCPT produced cardioprotective effects, we did not observe deleterious effects of Epac-inhibition with ESI-09. A number of factors may have contributed to this negative outcome. Epac-expression was significantly downregulated in MI-further inhibition might thus produce smaller changes in cardioprotection-indices that are below the level of detection. The increased mortality with ESI-09 (Supplementary material online, Figure S4A ) might have led to the selective death of mice with larger MIs, biasing the results by allowing only mice with smaller initial infarctions to survive. Since mice with large MIs and poor LV-function are much more likely to die, an intervention that increases MI-size and worsens LV-function may manifest its effects by worsening mortality rather than showing deleterious effects on MI-size/ LV-function in surviving animals. Many more animals than studied here would be needed to directly address this possibility in a critical way.
Another potential limitation of our study is the use of pharmacological activators and inhibitors to elucidate the role of Epac1 and Epac2 in cardiac fibrosis. Yokoyama et al. 15 have demonstrated that Epac1 and not Epac2 is preferentially reduced in response to profibrotic stimuli such as TGF-beta. Additionally, Epac1 is more abundantly expressed in fibroblasts than Epac2. In their study Epac1 overexpression protects against fibrosis induced by TGF-beta1. A whole-body Epac1 knockout mouse model showed protection against fibrosis in a chronic isoproterenol perfusion and chronic pressure overload model (not Epac2 KO
41
). Given the higher expression of Epac1 in fibroblasts and the importance of Epac1 signalling in fibrosis (based on previous studies), non-selective activation of Epac via 8-pCPT should not affect our overall understanding of this pathway. However, specific overexpression of Epac1 and Epac2 in atrial fibroblasts could further strengthen our understanding of the role of Epac in cardiac fibrosis. CE3F4, a selective antagonist of Epac1, produced a similar increase in collagen 1 in atrial fibroblasts in a dose dependent manner (Supplementary material online, Figure S3D) . Future studies will benefit from specific siRNA knockdown of Epac1 and Epac2 in atrial fibroblasts.
Profibrotic stimuli differentially affect Epac1 expression in fibroblasts vs. myofibroblasts. 48 Epac1 expression was less reduced in HF LA-FBs at 2 weeks than at earlier time-points; this may reflect a greater degree of myofibroblast differentiation at the later time-point. The detailed mechanisms underlying adrenergic regulation of Epac1 expression would be an interesting area to examine; however, this would require detailed analyses of downstream signalling pathways for both beta-and alphaadrenergic systems, which while interesting is out of the scope of the present study. We found that Epac inhibitors and agonists change Epac1 expression in the same direction as the change in effect. This regulation of Epac expression in the same direction as that of functional change should provide positive feedback and is an interesting biological response that merits further study but is out of the scope of the present manuscript.
Finally, while the cardioprotective effects of Epac-1 stimulation post-MI that we noted are interesting, novel and potentially important, they limit our ability to draw conclusions about the mechanisms through which Epac-activation reduced LA fibrosis in vivo. While the results are compatible with the predicted inhibition of LA-FB collagen production by enhanced Epac-signalling, a significant proportion of the antifibrotic effect may have been due to attenuation of MI-induced LV dysfunction. Further studies in genetic models targeting Epac activation and suppression selectively to atria vs. ventricles, and to cardiomyocytes vs. FBs, are needed to clarify these issues.
Conclusions
Here, we characterized the regulation of LA-FB function by Epac1, finding that Epac1-enhancement suppresses profibrotic properties while Epac1-suppression increases collagen secretion. Epac1 expressionchanges in response to adrenergic mediators and TGFb likely contribute to the FB-mediated fibrosis-modulating effects of these biologically important agents. LA-FB Epac1-expression is downregulated in dogs with atrial fibrotic remodelling, potentially contributing to fibrosis development. In mice with acute MIs, enhancing Epac-signalling prevents LA fibrosis and shows cardioprotective actions. Additional work in genetic models with tissue and cell-type selective Epac-modulation is needed to clarify the mechanisms and translational potential of antifibrotic and cardioprotective Epac effects.
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